The action of the spliceosome depends on the stepwise cooperative assembly and disassembly of its components. Very strong cooperativity was observed for the RES (Retention and Splicing) heterotrimeric complex where the affinity from binary to tertiary interactions changes more than 100-fold and affects RNA binding. The RES complex is involved in splicing regulation and retention of not properly spliced pre-mRNA with its three components-Snu17p, Pml1p and Bud13p-giving rise to the two possible intermediate dimeric complexes Pml1p-Snu17p and Bud13p-Snu17p. Here we determined the three-dimensional structure and dynamics of the Pml1p-Snu17p and Bud13p-Snu17p dimers using liquid state NMR. We demonstrate that localized as well as global changes occur along the RES trimer assembly pathway. The stepwise rigidification of the Snu17p structure following the binding of Pml1p and Bud13p provides a basis for the strong cooperative nature of RES complex assembly.
The key step of producing mature and nuclear export ready mRNA particles involves excision of introns in a process termed splicing 1 . Responsible for the catalysis and orchestration of this process is the spliceosome, a multimegadalton assembly of proteins and snRNAs 1 . Unlike ribosomes at the onset of translation, each complete and active spliceosome needs to assemble on its substrate de novo during the splicing cycle. Assembly, disassembly and remodelling of the spliceosome is therefore important 1, 2 . As part of this dynamic process various subcomplexes of changing composition are formed. In line with an efficient remodelling of the spliceosome, the spliceosomal proteins are believed not to act independently. Instead cooperative binding [3] [4] [5] , resulting in a cooperative cascade, might drive spliceosome formation and thus its function 2 
.
One of the few protein complexes controlling both splicing and export of pre-mRNA is the retention and splicing (RES) complex 6 . A set of introns, specifically associated with pre-mRNA of proteins engaged in nucleotide metabolism, shows splicing controlled by RES [7] [8] [9] . The RES complex is composed of the 17.1 kDa small nuclear ribonucleoprotein-associated protein 17 (Snu17p), the pre-mRNA leakage protein 1 (Pml1p) and the 30.5 kDa bud site selection protein 13 (Bud13p) 10, 11 . RES was shown to interact with U2 snRNA splicing factor 3B (U2 SF3B) proteins and Bud13p showed chemical crosslinks to human sap homolog 155 (Hsh155) 12, 13 . In addition, we showed that Snu17p can be crosslinked to pre-mRNA between the branch point and 3′ splice site 12 .
Recently, we determined the three-dimensional structure of the core of the RES trimer composed of Snu17p, Pml1p and Bud13p 12 . We further demonstrated that the RES trimer assembles and forms a ternary complex with RNA in a highly cooperative manner 12 . In order to obtain further insight into the molecular basis of the cooperative nature of RES assembly, we here present the three-dimensional structures of two dimeric intermediates along the RES assembly pathway. The structures of the two intermediates provide insight into the atomistic details of the rearrangements that are required in order to accommodate the two intrinsically disordered protein fragments of Bud13p and Pml1p and reveal the nature of the conformational plasticity of RES intermediates. 18 or Topspin (Bruker) and the resulting spectra were analysed using ccpnmr Analysis 2.2.1 . The maximum upper distance limit was set to 6.5 Å and the reference distance to 4.25 Å. Structure calculations were supplemented by dihedral angle restraints that were derived from backbone chemical shifts using TALOS-N 24 .
Only high-confidence values (labelled by TALOS-N as "strong") were used. Eight cycles of structure calculation using CYANA's noeassig.py protocol were carried out. Intermolecular NOE contacts, which were extracted from filtered/edited NOESY experiments, were treated separately to the automatic CYANA protocols and were manually refined in an iterative manner. H-bonds in α -helices and β -sheets were identified from the initial structural ensemble and confirmed by H-D exchange in combination with NOEs patterns. The structure, which was closest to the mean, was used as representative of an ensemble.
Unless stated otherwise, statistics and structural comparisons were determined using the well-structured parts of the three RES components, that is residues 32-62/74-108 of Snu17p dimer. Structural statistics were calculated using Xplor-NIH 23 and the ICING server 25 . APBS cut-offs were set to ±2 kT/eV in order to visualize the electrostatic potential on a solvent accessible surface 26 . Figures were prepared in PyMOL (http://www.pymol.org/) and VMD-xplor 27 .
Results and Discussion
Three-dimensional structures of . The selected regions are sufficient to reproduce the binding affinities of the full-length proteins and thus represent the core of the RES trimer 11, 12 . In the current study, we further included residues 246-255 of Bud13p (resulting in the fragment hc Bud13p which comprises residues 215-255 of Bud13p) as Collinet et al. reported that residues 246-255 form an α -helix 28 . Using a variety of multidimensional NMR experiments the sequence-specific assignment of the . Despite the apparent similarity of the Snu17p and Bud13p complex structure to prototypical U2AF homology motif (UHM) and UHM ligand motif ULM interactions, the mode of interaction appears to be different 10, 12 . Whereas in classical ULM-UHM complexes a central tryptophan is positioned in a deep hydrophobic pocket provided by the RRM domain, tryptophan 232 of Bud13p is found in a shallow space approximately 11 Å away from the canonical site in Snu17p. This is the case for both the Fig. 1 ) although, the C-terminal region of Snu17p, which only forms an α -helix in the (Fig. 1A) , is partially positively charged and might contribute to RNA binding. The overall similar charge distribution suggests that optimization of the electrostatic interaction might not be the major contributor to the cooperativity, which was observed for binding of c RES to RNA when compared to monomeric Snu17p and the two dimers Table 1 . NMR and refinement statistics for the complexes. (Fig. 3F) . However, the long loop, which is formed by residues 106-115 of Snu17p, connects the C-terminal part to the core of Snu17p and traverses its β -sheet in the c RES trimer, remains partially in place in the absence of c Pml1p ( Fig. 2E and Supplementary Fig. 2 ). The partial attachment of this region to the Snu17p (Fig. 2D) . Altogether, it gives rise to an at least three times lower amount of NOE contacts when c Pml1p is absent (Fig. 2D) . Moreover, the L63-F73 loop of In addition, the β -turn adjacent to V40-E46 showed an elevated R ex contribution and was affected by NMR line broadening 12 . The two loops and the adjacent β -turn are the site of c Pml1p binding, together with the C-terminal region of Snu17p, which folds into an α -helix upon binding of Pml1p (Fig. 2F) . The ensemble known, but given the two orders of magnitude higher affinity of Bud13p to Snu17p one can speculate that Bud13p might bind first, followed by Pml1p. (Fig. 5) and 10, 12 , with other known RRM-peptide interactions. A canonical UHM-ULM interaction, in which a tryptophan residue is buried in a hydrophobic pocket of the RRM domain was observed for example for the complexes of splicing factor 3b (SF3b155(ULM5)) with alternative splicing factor 45 (SPF45) and of splicing factor 1 (SF1) with the large subunit of U2 snRNP auxiliary factor (U2AF65 29, 30 ). On the other hand, the complex structures of Acinus with RNA binding protein with serine rich domain 1 (RNPS1 31 ), eukaryotic translation initiation factors 3 J and 3b (EIF3J-EIF3b 32 ), infected cell protein 27 (ICP27) with RNA export factor2 (REF2 33 ) and immediate-early phosphoprotein from Saimiriine Herpes Virus ORF57 with REF2 34 do not have this canonical interaction. In these complexes-as well as in the Snu17p-Bud13p interaction -a conserved tryptophan residue is important for RRM binding, but its position is variable (Fig. 5A ). In addition, the part of the protein, which is in contact with the RRM domain, samples a range of conformations (Fig. 5B) . Most similar to the hc Bud13p-c Snu17p recognition mode is the REF2-ICP27 complex, where the tryptophan side chain occupies a region near the C-terminus of α -helix 2 of the RRM domain (Fig. 5A) . Intriguingly, ORF57, another REF2 binder, bares a degree of structural similarity to c Pml1p as observed in the c Pml1p-c Snu17p dimer structure. Notably, both Pml1p and REF2 are proteins involved in mRNA export [35] [36] [37] . The analysis suggests that there is a structural continuum of how tryptophan containing motifs bind to RRM domains.
Continuum of UHM-ULM-like interactions.
In summary, we provided high-resolution structural evidence that the dimeric intermediates along the RES assembly pathway are not a simple structural equivalent of subtracting a given binding partner (Bud13p or Pml1p) of Snu17p from the RES trimeric complex. Instead, a number of localized structural changes are required for successive binding. The local structural changes are further accompanied by the large-scale rearrangement of the C-terminal part of Snu17p, which only folds into a stable α -helix upon interaction with Pml1p. The stepwise rigidification of the Snu17p structure upon binding of Bud13p and Pml1p provides a basis for the strong cooperative nature of RES assembly and RNA binding (Fig. 5C ).
